Carbon is an important resource for anaerobes to enhance biogas production. In this study, the possibility of using simulated pyrolysis gas (SPG) as a carbon source for biogas production was investigated. The effects of stirring speed (SS), gas holding time (GHT), and H 2 addition on biomethanation of SPG were evaluated.
Introduction
The global trend of energy use is moving towards sustainable development, and the waste-to-energy (WTE) concept is being highly promoted as a part of this effort.
1,2 Nowadays, biomass is being utilized to generate renewable energy in many countries of the world. 3, 4 Biomass covers about 50 exajoule per year of the total primary energy demand of the world. 5 Biomass resources have been paid increasing attention because of their renewability and biodegradability. 6 In particular, the composition and energy utilization of biomass energy are very similar to those of fossil energy. Thus, it has the largest potential to substitute for conventional energy. Biomass materials have been used as structural materials or common materials from ancient times because their major components are natural polymers such as lignin, cellulose, starch, chitin, and protein, which guarantee enough strength and stability. 7 According to China's unique energy structure and abundant biomass resources, the generation of high quality bio-gas by gasication of biomass becomes a research emphasis.
Pyrolysis process has a potential to produce pyrolysis gas (major components are carbon monoxide (CO), hydrogen (H 2 ), and carbon dioxide (CO 2 ), and minor components are other gases, e.g., methane (CH 4 ) and some volatile impurities) from biomass (e.g., lignocellulosic biomass, industrial and municipal solid waste, lignite, and digestate). [8] [9] [10] [11] One advantage of this process is that most of the organic components, especially the relatively dry and slowly biodegradable biomass (e.g., wood and woodchips) that are not suitable or effective for anaerobic digestion (AD) process, would be converted to pyrolysis gas. However, CO is a toxic gas for many organisms due to its high affinity for metal-containing enzymes. The presence of high concentrations of CO is a restriction in the utilization of pyrolysis gas in some applications. 7, 11 Moreover, low volumetric energy density (usually less than 13 MJ m À3 ) is a limitation for pyrolysis gas when used as a fuel gas. 8, 12 To convert the pyrolysis gas into high quality gas, a methanation process is necessary. Traditional catalytic methanation requires high pressure and temperature (230-700 C) and a metal catalyst, which involves high cost and energy consumption. A potentially more economical alternative is the utilization of a biological system to convert biomass pyrolysis gases to biomethane. Several trials have been reported to biologically convert CO, H 2 , and CO 2 to biomethane via biomethanation system. 13 Wang et al. 14 reported that co-digestion of coke oven gas (COG) (92% H 2 and 8% CO) and sewage sludge could achieve in situ biogas upgradation and simultaneous COG biomethanation. Youngsukkasem et al. 15 found that using syngas and organic substances as feedstock for AD in a repeated batch mode, a good performance without any negative effect was observed. The conversion of H 2 and CO 2 to CH 4 is a common biological reaction occurring in the anaerobic digestion reactor. Only a small number of microorganisms (e.g., Methanobacterium thermoautotrophicum, Methanosarcina barkeri, Methanothermobacter thermautotrophicus, and Methanosaeta thermophila) can achieve CO biomethanation. 13, 16, 17 Since the solubility of H 2 is 0.00016 g per 100 g of water above 1 atm and the solubility of CO is 0.0028 g per 100 g of water above 1 atm, anaerobic digestion of pyrolysis gas is typically limited by the gas-liquid mass transfer rate. 13 From the view of thermodynamics, the reaction CO + H 2 / CH 4 is exothermic. However, in the biomethanation reaction, no signicant temperature changes were found due to the low conversion rate of biocatalysis as compared to traditional catalytic methanation. Actually, in the anaerobic digestion process, the system needs to be maintained at a constant temperature of 37 C to keep the microorganisms at a higher biocatalytic activity. The constant temperature is provided by an extra heat source. Thus, development of a suitable reactor and optimization of operating conditions are necessary. Moreover, a low cost and long-term AD operation is needed to industrialize the pyrolysis gas biomethanation technology. Based on the abovementioned considerations, in this study, biomethanation was achieved in long-term AD tests where SPG was utilized as a carbon source for biogas production. AD can increase the LVC of SPG from 12.9 to 23.2 MJ m À3 , and Methanobacterium was dominant in the whole process. The conversion rates of CO and H 2 were 96.6% and 99.2%, respectively, which could effectively enhance gas production. The objectives of this study were as follows: (1) to investigate the effect of stirring intensity (SS), gas holding time (GHT), and H 2 addition on biomethanation of pyrolysis gas and (2) to evaluate the system stability using pyrolysis gas as a carbon source in longterm anaerobic digestion operation.
Experimental

Experiment setup
Herein, three 1.69 L continuously stirred tank reactors (named R1-R3) with a working volume of 1.2 L were used. Non acclimated inoculum was obtained from the mixed effluent of anaerobic reactors treating various organic wastes (e.g., chicken manure, dairy manure, corn stover and food waste) in our laboratory. Before utilization, the residual solid matter in effluent was removed using a sieve. Then, liquid inoculum was pre-incubated at a constant temperature (37 C) incubator shaker (ZWYR-D2402, China) for degassing. The shaking speed was 120 rpm. Aer two weeks of pre-incubation, no gas was detected from inoculum. Then, the degassed inoculum was transferred to three reactors. The total solids (TS) and volatile solids (VS) of inoculum were 2.33 AE 0.02% FM and 1.03 AE 0.00% FM, respectively. To ensure an oxygen-free environment, the headspace of each reactor was purged with nitrogen gas for 2 min. The digestion temperature was 37 C. Simulated pyrolysis gas (H 2 : CO : CH 4 : CO 2 ¼ 35 : 30 : 15 : 20 on volume basis) was manually added to the reactors by a 100 mL syringe. Once added, pyrolysis gas was kept in the reactors for 24 h or 48 h depending on the experiment design (Table 1) . To bioupgrade the generated gas from the reactor R2, pure hydrogen and generated gas from R2 were added to the reactor R3. To investigate the process stability of using simulated pyrolysis gas as the only substrate, no additional carbon source was added to this system. During steady-states, the liquid samples were obtained from R1-R3 for high-throughput 16S rRNA sequencing and analysis. Specic experiment design is shown in Table 1 .
Cross-linking process
TS and VS were determined according to the standard methods. 18 Gas samples were obtained every one or two days to detect the composition. A gas chromatograph (FULI 9790II, China) equipped with a thermal conductivity detector (TCD) was used with helium as the carrier gas. The temperatures of the injector, oven, and detector were 150, 130, and 160 C, respectively. The corrected CH 4 , CO, CO 2 , and H 2 content of the produced gas (i.e. CH 4corr , CO corr , CO 4corr , and H 2corr ) was calculated according to Li et al. 19 Biogas production of all reactors was measured daily by a 100 mL syringe. The pH was measured using a pH meter (SARTORIUS PB-10). The volatile fatty acids (VFA) and total inorganic carbon (TIC) were measured using a Mettler Toledo T70. Then, 7 mL sample was taken using a pipette (3.5 mL twice) into the titration beaker, and water was added to 40 mL scale line; then, the titration beaker was put on the titrator, the titration was started to adjust the pH of the sample to 5.0, 4.4, 4.3, and 4.0 with 0.025 mol L À1 H 2 SO 4 , and the volume of H 2 SO 4 used for each pH value was obtained. The VFA and VFA/TIC were then calculated according to Nie et al. 20 Lower caloric values (LCV, MJ m À3 ) of the simulated pyrolysis gas and generated gas were determined according to Li et al.
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During steady-states, the liquid samples were obtained in phase 1 and 2 of the reactor R1 (named R1P1 and R1P2), phase 1 of the reactor R2 (named R2P1), and phase 1 of the reactor R3 (named R3P1) for sequencing using an Illumina MiSeq platform at Majorbio Company (Shanghai, China). Inoculum was also analyzed as a control. Microbial DNA was extracted from samples using the E.Z.N.A.®AxyPrepDNA Kit (Omega Bio-tek, Norcross, GA, U.S.) according to manufacturer's protocols. The V4-V5 region of the bacteria 16S ribosomal RNA gene was amplied by PCR (95 C for 2 min, followed by 25 cycles at 95 C for 30 s, 55 C for 30 s, and 72 C for 30 s and a nal extension at 72 C for 5 min) using primers Arch519F and Arch915R. PCR reactions were performed in triplicate 20 mL mixture containing 4 mL of 5Â FastPfu Buffer, 2 mL of 2.5 mM dNTPs, 0.8 mL of each primer (5 mM), 0.4 mL of FastPfu Polymerase, and 10 ng of template DNA. Operational taxonomic units (OTUs) were clustered with 97% similarity cut-off using UPARSE (version 7.1 http:// drive5.com/uparse/), and chimeric sequences were identied and removed using UCHIME. The taxonomy of each 16S rRNA gene sequence was analysed by RDP Classier (http:// rdp.cme.msu.edu/) against the silva (SSU115) 16S rRNA database using the condence threshold of 70%. Specic Illumina MiSeq sequencing procedures and processing of sequencing data can be found.
Results and discussion
Effect of the gas holding time (GHT)
The time course of biogas production, biogas composition, pH, VFA concentrations, and VFA/TIC ratio are shown in Fig. 1-3 (325 mL SPG + 180 mL H 2 ), the biogas production increased. However, high percentages of H 2 and CO were also determined in generated biogas (phase 3), indicating that the biomethanation efficiency in this operation was low. The corresponding H 2 and CO conversion efficiency were only 84.0 AE 3.6% and 77.5 AE 2.4%, respectively. The methane content in phase 3 of R1 was also low as compared to that in phase 1 of R1.
Effect of the stirring speed (SS)
For the reactor R2, H 2 and CO were not detected in the generated gas at SS of 400 rpm and GHT of 24 h; this indicated that they were efficiently utilized by the microorganisms in the reactor. Methane content was 64.7 AE 0.8% in R2 when the SS was adjusted to 400 rpm (Table 1 and Fig. 2 ), indicating that SS was a higher inuence factor on biomethanation of SPG as compared to GHT. Similar results were found by Luo and Angelidaki 21 indicating that increase in the stirring speed of the reactor from 150 to 300 rpm could increase H 2 consumption rate. As reported by Guiot et al., 13 gaseous feedstock is difficult to be captured by the microbes in the liquid phase. Further study should be focussed on the conversion efficiency of pyrolysis gas biomethanation and minimization of the gasliquid mass transfer limitation. From 60 to 72 days, reactor R2 was only maintained at 37 C without the input of SPG and output of generated gas due to the absence of researcher. On 73rd day, this reactor was recovered with feeding SPG, and it performed well in the next days.
Effect of hydrogen addition
In reactor R3, injected gas was composed by generated gas from reactor R2 (CH 4 content was 64.7 AE 0.8%) and additional H 2 . The addition of H 2 reached 116 AE 11 mL and 241 AE 33 mL per day in phase 1 and phase 2 of R3, respectively ( Table 1) . The corresponding CH 4 contents were 85.7 AE 1.0% and 91.1 AE 1.0%, respectively, which indicated that addition of H 2 could largely increase the CH 4 content (Fig. 2 ). Luo and Angelidaki 22 found that the addition of H 2 could achieve in situ biogas upgradation (methane content was from 78.4% to 90.2%) when using mixture of cattle manure and whey as feedstock. In this study, SPG was used as a carbon source. Moreover, through the addition of H 2 , SPG biomethanation was achieved. H 2 can be generated from electrolysis of water using extra electricity or unstable wind electricity, or water photolysis or methanol decomposition. The H 2 -assisted bioupgradation has several advantages, such as no CH 4 loss, low investment cost for additional equipment, and storage of excess electricity as methane, as compared to CO 2 -air strippers or autogenerative high pressure digestion (AHPD) method.
Calculation of mass balance
Due to the SPG containing 15% of CH 4 as a feed gas in the experiments, the mass balance discussion is necessity. Taking R1P1 for example, the SPG addition is 163 mL with 15% CH 4 (24.5 mL CH 4 added), and the biogas production is 60 mL with 62.2% CH 4 (37.3 mL CH 4 produced); thus, the pure CH 4 production is 12.8 mL. Similar calculation results for all the other phases are shown in Table 1 . The results further inferred that CO, CO 2 , and H 2 were converted to methane by the anaerobic microbes.
Evaluation of the energy output
Although pyrolysis gas can be directly used as fuel gas, the volumetric energy density of pyrolysis gas is only about 50% of biogas. The conversion of pyrolysis gas to CH 4 is an important step to meet the increasing demand for natural gas. Aer SPG biomethanation, the energy output results are shown in Table 1 . According to the lower caloric value (LCV) calculation equation, 8 the lower caloric value of injected gas (LCV in ) for R1 and R2 was determined to be 12.2-12.9 MJ m À3 .
Aer biomethanation process, the lower caloric value of generated gas (LCV out ) ranged from 20.4 to 23.2 MJ m À3 . For reactor R3, LCV out was 30.7-32.7 MJ m À3 aer the addition of H 2 . Herein, two-step approach (SPG biomethanation and H 2 addition) could be a minder and alternative way to bioupgrade pyrolysis gas into high quality biogas and convert toxic gas CO to CH 4 .
Process stability
During the long-term anaerobic digestion tests, using SPG as a carbon source, pH value was around 8.0 for R1 and R2 and 8.3-8.6 for R3. The pH value increased to higher than 8.0 in reactor R3 (Table 1 and Fig. 3 ) as H 2 addition was associated with the consumption of CO 2 in the reactors. Similar result was obtained by Luo and Angelidaki, 22, 23 where manure alone was used as a substrate and pH value in reactor increased to higher than 8.0. In this study, no signicant inhibition was found although the pH value was not in the optimum range of 7.2-7.8. The VFA concentration showed an increasing trend with time and was determined to be 770-1058 mg L À1 for R1, 913 mg L
À1
for R2, and 463-1727 mg L À1 for R3. The VFA/TIC ratios of R1-R3 were lower than 0.4, which were in a normal range.
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Generally, anaerobic reactors can perform well using SPG as a carbon source when the pH in the reactors remains above 8.0.
Microbial community analysis
Reaction equations of CO/synthesis gas biocatalysis are summarized in Table 2 . CO and H 2 from synthesis gas can be converted to CH 4 in two ways: direct and indirect conversions. In the rst reaction, CH 4 was formed directly via conversion of CO, H 2 , and CO 2 by microorganisms. 22 In the second reaction, intermediate products (e.g., formic acid, methanol, and acetic acid) were formed, and then, CH 4 was observed by degradation of the intermediate products.
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Fig . 4 shows the rarefaction curves based on an operational taxonomic units (OTU) denition of 97% sequence similarity. New OTUs continue to appear even aer sampling 2000 sequences for archaea. However, the coverage values for archaea (>99%) indicated that most common OTUs were detected (Fig. 5) . The Shannon diversity, CHAO1, and ACE richness index provides not only species richness but also the evenness of the species among all the species in the community. In the current work, inoculum had higher diversity and richness as compared to other samples. This may be because inoculum was obtained from the mixed effluent of anaerobic digesters treating various organic wastes, and samples from reactors R1-R3 were only fed with SPG.
At the phyla level, Euryarchaeota (>97%) was dominant in all these samples. The genus level identication of the archaea communities is illustrated in Fig. 6 . Methanobacterium dominated in all samples. The amounts of other archaea communities are different in 5 groups; this is in accordance with the report of Luo and Angelidaki. 21 Furthermore, we assigned the sequences to species level by choosing representative sequences from each dominant OTU. Results indicated that Methanobacterium formicicum was the dominant species in all reactors; this indicated that CH 4 was generated by an indirect way. Methanosarcina can mediate both hydrogenotrophic and acetoclastic methanogenesis.
14 Therefore, it was also possible that Methanosarcina could utilize H 2 directly in R1. For reactor R3, the hydrogenotrophic genus Methanoculleus showed a higher relative abundance, which could be related with the utilization of H 2 .
28 Based on the abovementioned nding, CO was converted to methane mainly by indirect pathway, and H 2 was converted to methane mainly by direct pathway.
Conclusions
Simulated pyrolysis gas (SPG) can be used as a carbon source for biogas production in long-term anaerobic digestion tests. Gasliquid mass transfer is the limitation for biomethanation of SPG. Gas-liquid mass transfer can be improved by mixing. The addition of H 2 to anaerobic reactor could bioupgrade SPG to high quality biogas (91.1% CH 4 ). Pyrolysis combined with anaerobic digestion is an attractive way to utilize biomass and produce higher quality biogas (mainly CH 4 ). Further research on the operation optimization to increase the efficiency of pyrolysis gas biomethanation should be performed. In addition, the effect of impurities on the bioupgradation conversion process should be concerned.
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